It is well known that dispersion affects the performance of a wide-band nulling interferometer, since it induces wavelength-dependent phase differences between the arms of the interferometer. This property is used to create achromatic phase shift by combining several dielectric plates. In this paper, we experimentally validate the use of a single glass plate in order to optimize the rejection ratio of a nulling interferometer.
Introduction
Despite all the efforts made in searching for extra-solar planets, or exoplanets, in the last decade, direct detection of an Earth-like exoplanet remains very challenging. The reason for this is the combination of a huge brightness contrast between the star and the planet (10 6 in the best case) and a small angular separation (typically 0.1 arcsec). One possible candidate technique for meeting this challenge is called nulling interferometry [1] ; this will be considered in this paper.
Nulling interferometry is a technique used to cancel the light coming from an on-axis star by means of destructive interference between several beams. Due to the off-axis angular position of a planet, light coming from such a planetary companion would experience an additional phase difference between the beams, which would lead to a (partially) constructive interference for the companion. In order to detect an Earth-like exoplanet, the ratio between the intensities corresponding to constructive and destructive interference, the so-called rejection ratio, should be of the order of 10 6 . In this paper, we will discuss nulling interferometry in the specific context of the Darwin/TPF space mission [2, 3] , dedicated to direct exoplanet detection via nulling interferometry.
An additional requirement is that this high rejection ratio should be achieved for every wavelength in a wide spectral band (6-18 μm or even wider [4] ). Indeed, such a broad band is needed in order to optimally exploit the photon flux coming from the planet and in order to obtain spectral information from the eventual planet atmosphere. To do so, most current nulling interferometers use an achromatic phase shifter [5] [6] [7] [8] . Unfortunately, manufacturing and using such phase shifters is technically challenging, since phase variations of typically 1 mrad or less across the spectral band are required to achieve the desired performance. Note that there are also a family of nulling interferometers that make use of chromatic phase shifters such as delay lines [9, 10] .
Dispersion affects the performance of a wide-band nulling interferometer by inducing wavelength-dependent phase differences between the arms of the interferometer. It is already well known that dispersion can be used to achieve an achromatic phase shift by combining multiple plates with different wavelength-dependent refractive indices [11, 12] . However, single dispersive plates can also lead to a high rejection ratio in a wide spectral band by increasing the number of beams [9] . In this paper, we present an experimental validation of this principle. Note that a similar approach has been used in the Keck interferometer to achieve destructive interference while compensating for dispersion due to unequal path lengths in humid air [13] . This paper is organized as follows. In section 2, we analyse the effect of dispersion on the rejection ratio in the case of N-beam nulling interferometers. In section 3, Figure 1 . Rejection ratio as a function of the thickness of the introduced glass plate. Solid lines: the spectra of the two beams are identical and equal to the spectrum of the Xe lamp used in our experimental set-up; dash-dotted lines: the spectra of the beams are slightly different, leading to a lower rejection ratio.
we experimentally validate our theoretical predictions with our table-top experimental set-up. Our conclusions are then summarized in section 4.
Theory and simulations
In this section, we will briefly show how dispersion can affect the performance of a nulling interferometer. The basic theory has been already presented by Mieremet and Braat [9] . Therefore, in this section, we only briefly discuss these results in the context of the current status of the Darwin mission. The interested reader should refer to [9] for more details. Additionally, we also present an extension of the previously reported results to different numbers of beams and different materials, as well as the tolerances required to achieve the desired rejection ratio.
Two-beam interferometer
We consider two beams of equal amplitudes a(λ) with an optical path difference L between them. If the second beam goes through an extra glass plate of thickness d and of refractive index n(λ), we can show that the intensity I (L, d) after beam combination is given by
Such intensity as a function of the optical path difference and of the thickness of the glass plate is well known [14] . For a given thickness d of the glass plate, the interference pattern is found by scanning the optical path difference L. If we define the rejection ratio R as the ratio between the maximum (constructive interference) and the minimum (destructive interference) of the interference pattern, we have In our simulations, we chose the refractive index n(λ) of BK7 and for the amplitude a(λ), we used the spectrum of the Xe arc visible light source in order to compare with our experimental data. The rejection ratio as a function of the thickness d of the glass plate is depicted in figure 1 (a) (solid line). Note that negative values of the thickness d physically mean that the glass plate has been introduced in the first beam instead of the second one. We can see that the rejection ratio is minimal when there is no glass plate (d = 0 μm) and is maximal when the thickness of the glass plate is around 12 μm. In order to compare the theory with the experiment, we also plot in figure 1 (dash-dotted line) the rejection ratio when the two beams have slightly different spectra (a 1 (λ) = a 2 (λ)) as is the case in our experimental set-up [15, 16] . In this case, the rejection ratio has the same overall shape but the peak values are lower. We can show that the maximal rejection ratio corresponds to the thickness d for which the phase difference between the two beams is equal to π quasi-achromatically (to the first order). We see that the rejection ratio is theoretically limited to 400, which is very low for exoplanet detection. However, as we will see in the next section, increasing the number of telescopes allows high rejection ratios in a wide spectral band.
N-beam interferometers
Since the number of telescopes for the Darwin mission changed from six to three and currently to four, it is important to study the influence of the number of beams on the rejection ratio. In this section, we will consider N-beam interferometers (N 6) and will also analyse the influence of the spectral bandwidth.
Consider the family of interferometers proposed by Mieremet [9] in order to lower the requirements in terms of achromaticity. Given a certain phase shift error introduced by the phase shifter, this family of interferometers leads to the optimal rejection ratio. These interferometers have N beams with amplitudes A j and desired phases φ j given by
These amplitudes and phases are summarized in table 1 for (N 6). Each beam goes through a glass plate, whose thickness is optimally chosen to attain as closely as possible the desired phase over the whole spectral band. The spectrum of the beams is arbitrarily chosen to be a top-hat function with a normalized bandwidth B = λ max /λ min . In the visible and the near-IR regions (from 0.4 to 1 μm), we consider BK7, while in the mid-IR (from 6 to 18 μm), we chose CsI as materials for the plates.
We can see in figures 2(a) and (b) the rejection ratio as a function of the normalized bandwidth B for N beams (N 6). In the visible, we see that a rejection ratio of 10 5 is possible with a spectral bandwidth B = 2.4 or even wider with four telescopes. A rejection ratio of 10 6 in a broad band with BK7 plates is only possible with a five-beam interferometer. However, although this case is interesting from an experimental point of view, we are mainly interested in the mid-IR region (see figure 2(b) ). There we see that a rejection ratio higher than 10 6 is possible over the whole 6-18 μm spectral band (B = 3) with only four beams. With three beams, a rejection ratio nearly as high as 10 5 can be reached. In the mid-IR, we chose CsI plates because of the transmission of this material in this spectral band and because of its quasi-linear refractive index. However, other materials can be considered. In figure 3 , we show the rejection ratio for a spectral band from 6 to 18 μm (B = 3) for N beams (N 6) for a few materials that are transparent in the mid-IR. We see that the material leading to the highest rejection ratio is CdTe. This material would allow a rejection ratio of 10 7 over the whole 6-18 μm spectral band with four beams and a rejection ratio of 10 5 with three beams. This shows that, even though leading to poor performance in the two-beam case, single-glass-plate phase shifters become very interesting when considering three or four beams since they lead to rejection ratios that are high enough for exoplanet detection. Furthermore, this type of phase shifter is very easy to implement and very stable as we will see in the next section.
Tolerances
In the previous section, we have seen that high rejection ratios in a wide spectral band were reachable with a minimum of three beams. In this section, we will show the requirements in terms of thickness of the glass plates in order to reach these high rejection ratios.
Consider CdTe plates and a spectral band from 6 to 18 μm. In the three-beam case, our simulations show that the thickness of the additional glass plates should be accurate within 2 μm in order to have a 10 5 rejection ratio. If the differential thickness is achieved by rotating 5 mm thick glass plates, the rotation should be accurate to within 0.3
• . This is easily achieved with a standard rotation stage. In the case of a four-beam interferometer, a rejection ratio of 10 6 can be reached if the thickness of the plate is accurate to within 15 μm, which gives in terms of rotation 2
• of accuracy. This is obviously also very easily achievable.
Experimental results
In the previous section, we have seen that high rejection ratios were possible with at least three beams. In this section, we will show measurements performed on our table-top two-beam interferometer in order to validate the theoretical predictions presented in the previous section. Even though the twobeam case is not the most relevant to Earth-like exoplanet detection since it only allows low rejection ratios, a two-beam measurement is sufficient for demonstrating the theoretical predictions and therefore validating the use of single plates as phase shifters for nulling interferometry. Attempts to validate these predictions have already been conducted in the two-beam case [14, 12] . However, these results were much lower than the expected values and these measurements only show one point of the rejection ratio as a function of the thickness of the glass plate. Here we will also consider a two-beam experiment and show how dispersion affects the rejection ratio up to the best value possible, given the limitations due to the number of beams and the experiment itself.
Set-up
The experimental set-up is depicted in figure 4 . It was originally a modified Mach-Zehnder three-beam interferometer [15, 16] where for the demonstration here only two beams were used. The set-up can be divided into three blocks: the star simulator (A), the interferometer (B) and the detection stage (C). In the star simulator, light from a Xe arc lamp (LS) is focused onto an optical fibre (FB) via achromatic doublets (DB) in order to create a point source. The fibre is also used to decouple the star simulator from the interferometer. This allows these to be mounted on two different optical tables, which reduces drastically the mechanical vibrations and thermal fluctuations, making the interferometer much more stable. Light coming out of the fibre is then collimated. The lamp has an effective spectral bandwidth of 60% around 600 nm (at 10% of the maximal intensity). However, we used an additional filter to cut the long infrared tail, effectively reducing the spectral band to 50%. For alignment purposes, we also use a He-Ne laser that we focus onto the same fibre using a folding mirror.
In the interferometer, two beams are created and then recombined with the help of four identical beam splitters. The first beam is reflected by the first beam splitter (BS1) and is sent back through it by a retro-reflector acting as a delay line (DL1). It is then reflected by the third beam splitter (BS3) and finally passes through the fourth beam splitter (BS2). For the second beam, it is transmitted by BS1, reflected by BS2 and sent back through BS2 by another retro-reflector (DL2). The beam is then combined to the first beam after reflection by BS4. The optical path differences between the beams can be varied by changing the position of the delay lines (DL) with piezoactuators. With these delay lines, we can correct optical path differences up to 0.2 nm. However, for this experiment, such an accuracy is not needed since we only try to reach rejection ratios of less than 1000. We therefore used a resolution of 2 nm for the case of destructive interference and 4 nm for the lowest rejection ratios.
After recombination, the beams are directed to a singlemode optical fibre for wavefront filtering. The fibre is then connected to a power meter (DT) to detect the outcoming power. The interference pattern is then given by the measured intensity as a function of the position of the delay lines. We define the rejection ratio as the ratio between the maximum and the minimum of the interference pattern.
To achieve high rejection ratios, the amplitudes of the two beams need to be matched achromatically with a so-called amplitude matching device. In our set-up, we used a knifeedge to match the two amplitudes. Even though such a device is not perfectly achromatic since it introduces diffraction, this effect can be neglected when it comes to rejection ratios of less than 1000.
Another parameter to take into account in order to reach the desired rejection ratio is polarization, since a polarization mismatch between the two beams can drastically affect the performance of the nulling interferometer [16] . To match the polarization of the two beams, two Glan laser polarizers have been used: the first one before beam splitting to ensure identical polarization before entering the interferometer and the second one after recombination in order to have an identical polarization state before detection.
In order to see the influence of dispersion on the performance of the interferometer, a glass plate has been introduced in the path of each beam. The required difference in thickness between the two glass plates is of the order of a few microns. For simplicity, we used a 5 mm thick BK7 plate in each beam that can be rotated in order to achieve the desired differential thickness. The angle of rotation was measured with the help of a laser beam sent onto a mirror fixed on the glass plate. The measurement of the direction of the reflected laser beam is a direct measure of the rotation of the glass plate. From this measurement, we can deduce the effective thickness of the plate using Snell's law and simple geometrical considerations. With our set-up, we could measure differences in this angle of the order of 0.5 mrad, which gives typically a thickness accuracy of the order of 0.2 μm.
Measurements
In figure 5 , we show the measurements of the rejection ratio as a function of the differential thickness. Each of the points in this curve corresponds to an interference pattern obtained by scanning the optical path difference between the two beams. The overall shape is very similar to the one expected: a central minimum when there is no differential dispersion and two main peaks when the thickness increases, followed by two secondary minima and secondary maxima. However, we can see that the positions of the maxima and minima do not exactly coincide. The experimental curve seems to be shrunk compared to the theoretical curve. This is probably due to an error in the measurement of the effective thickness of the introduced glass plate. Although we could measure accurately (0.5 mrad) changes in the angles of rotation of the plate, the absolute rotation angle could not be precisely determined (up to a few degrees). This introduces an error in the calculation of the thickness, which can explain the shift in our measurements.
We can also see that for one of the maxima the measured value agrees with the theoretical expectation while, for the other maximum, the rejection ratio is higher than expected. This has been repeatedly measured and remains unexplained. A possible explanation would be the presence of additional non-compensated dispersion induced by the coatings of the beam splitters and the mirrors.
The measured rejection ratio reaches 400-500 at its maximum. Even though this number is not impressive compared to previous null measurements (8 × 10 4 in a 32% bandwidth [17] , 10 6 in a 15% bandwidth and 10 7 in the monochromatic case [18] ), the measured rejection ratio is as high as the theory predicts (solid line in figure 5 ). The only way to improve the rejection ratio in this case is by increasing the number of beams. The goal of the experiment is therefore reached here since the point was to validate the predictions in the two-beam case. The logical next step will be to extend the measurements using a three-or four-beam interferometer.
In figure 6 , we can see the recorded interference patterns corresponding to the different minima and maxima of the measured and theoretical rejection ratios. All measured fringes are very similar to the simulated ones. We can see, as expected, that the interference pattern corresponding to the central minimum of the rejection ratio is symmetric with respect to the maximal intensity (see figure 6(a) ), while for the two main peaks of the rejection ratio, the fringes are symmetric with respect to the minimal intensity (see figures 6(b) and (c)). The fringes corresponding to the secondary minima start losing their symmetry (see figures 6(d) and (e)). This good agreement between measured and simulated fringes corresponding to the different minima and maxima of the rejection ratio would agree with the fact that the mismatch between measured and theoretical rejection ratio curves would only be due to an error in the measurement of the effective thickness of the glass plate.
Conclusions
We have studied the effect of dispersion on the performances of N-beam nulling interferometers (N 6). In the case of two beams, we have seen that we can realize a first-order achromatic phase shift by carefully choosing the thickness of the glass plate. This quasi-achromatic phase shift will lead to an optimal rejection ratio. Increasing the plate thickness further will decrease the rejection ratio to reach a secondary minimum etc. Further, we have seen that in the visible domain (from 0.4 to 1 μm), a rejection ratio of 10 5 is possible with a spectral bandwidth B = 2.4 or even wider using four telescopes and BK7 plates. A rejection ratio of 10 6 in this spectral band can only be reached with a five-beam interferometer. In the mid-IR, we could reach, using CdTe plates, a rejection ratio of 10 7 over the whole 6-18 μm spectral band with four beams and a rejection ratio of 10 5 with three beams. We also investigated the requirements in terms of glass thickness in order to reach these high rejection ratios and we concluded that the requirements can be easily met and the method is therefore robust and stable.
Finally, we have validated our theoretical predictions with measurements performed on our table-top two-beam interferometer. We measured the rejection ratio as a function of the thickness of the introduced glass plate. The overall shape of the rejection ratio curve was in good agreement with the theory but the positions of the minima and maxima did not exactly coincide. This can be explained by an error in measuring the effective thickness of the glass plate. The measured fringes corresponding to the minima and maxima of the rejection ratio were in very good agreement with the simulated ones, which agrees with the error in the estimation of the thickness. The rejection ratio obtained was theoretically limited to the measured value and could only be improved by increasing the number of beams. We therefore validated the theoretical predictions in the two-beam case.
With this study, we have shown, both theoretically and experimentally, that dispersion plays an important role in exoplanet detection by nulling interferometry.
